uccessful vaccination relies on the ability of vaccines to activate the adaptive immune system and induce long lasting memory responses. Dendritic cells (DCs) of the immune system are considered the most effective antigen-presenting cell (APC) because of their unique abilities to initiate robust antigen-specific adaptive immune responses. Following activation upon encounter of pathogens, under an inflammatory setting, DCs undergo rapid maturation characterized by the up-regulation of major histocompatibility complex (MHC) and costimulatory molecules and migrate to the proximal draining lymph node. The antigen taken up by DCs is then processed and presented to T cells as peptides bound to the MHC class I or II molecules. In this way, DCs can induce and stimulate CD4 þ T cells and cytotoxic CD8 þ T cells, which have the ability to both prevent and control viral infection and kill tumor cells.
most vaccines are administered via subcutaneous or intramuscular routes, and although most vaccines administered through hypodermic injection are effective, there remains issues of pain, needle-related diseases or injuries, the requirement of trained personnel, appropriate needle disposal, and suitable storage or transport of vaccines. Many current vaccines must be maintained within specific temperature ranges to retain their potency, and therefore, the associated expense of maintaining the "cold chain" is estimated to cost vaccine programs $200À300 million annually globally. 3À5 Recently, intradermal vaccination strategies have highlighted the major potential of skin immunization through this route. 6 Clinical trials have demonstrated that epidermal influenza vaccination induced more efficient influenza-specific CD8 þ cytotoxic T cell responses compared to the classical intramuscular route. 7 Furthermore, more recent studies have also demonstrated that intradermal administration of influenza vaccine initiated stronger immune responses at much lower doses of antigen compared to doses required for intramuscular vaccination. 8, 9 Therefore, delivery of antigen to the skin, which is highly populated by a large network of epidermal DCs, known as Langerhans cells, and other dermal DC subsets has the potential for greater immunogenicity. Drug delivery across the stratum corneum (SC) barrier remains an obstacle for efficient transdermal drug delivery to skin DCs. Microneedle (MN) arrays are minimally invasive devices that can be used to bypass the SC barrier and thus achieve enhanced transdermal biomolecule or drug delivery. 10, 11 Polymeric, watersoluble MN arrays dissolve within minutes in viable skin layers, thereby releasing their payload into skin tissue and leave no residual sharps waste. 12 MN arrays are typically fabricated with enough length to traverse the SC and penetrate into the dermis while remaining sufficiently short and narrow enough to avoid stimulation of dermal nerves. Aqueous blends containing the biocompatible, biodegradable, water-soluble polymer, Gantrez AN-139, have proved to be highly suitable for MN fabrication. Therefore, polymeric dissolvable MNs are robust, penetrate skin effectively at relatively low insertion forces, and greatly enhance transdermal delivery. 13 In recent years, particle-based vaccines have been proposed for the development of novel immunizationbased therapeutic strategies.
14 They have been utilized to improve antigen stability in vivo and to ensure controlled and sustained delivery to the vaccination site. Several groups have demonstrated that nanoparticles (NPs) have inherent immunogenic properties comparable with those of traditional vaccine adjuvants, such as aluminum hydroxide (ALUM) or Freund's complete adjuvant (CFA), and can activate DCs to induce T cell immune responses against encapsulated antigens. 15, 16 Polymer-based NPs are sub-micrometersized polymeric colloidal particles in which a therapeutic agent of interest can be encapsulated within their polymeric matrix or adsorbed or conjugated onto the particle surface. 17 Biocompatible PLGA is one of the most successfully used biodegradable polymers for preparation of NPs. 18 To date, numerous antigens (proteins, peptides, lipopeptides, viruses, or plasmid DNA) have been successfully encapsulated into PLGA particles. 17,19À25 Formulating antigens in PLGA-NPs offers distinct advantages over soluble formulations. 26 PLGA-NPs can protect the antigen from proteolytic degradation and enhance uptake by APCs in a targeted and prolonged manner while restricting the entry of encapsulated antigen to the systemic circulation. 27 Furthermore, particulate antigens are more efficiently cross-presented via MHCI molecules to CD8 þ T cells than soluble antigens. 28 This allows the simultaneous induction of both CD4 þ as well as robust CD8 þ T cell responses.
In this study, we hypothesized that NP-encapsulated antigen delivery specifically to skin DCs through intradermal polymeric dissolvable MNs would lead to robust, antigen-specific T cell immune responses. We encapsulated a model antigen into PLGA nanoparticles in order to prolong the time that vaccine is retained in the skin, therefore, specifically targeting skin-resident DCs. We demonstrate, for the first time, that antigencarrying NPs can be successfully delivered to skin layers by MN arrays, and following their uptake in situ, skinderived DCs were able to deliver NPs to cutaneous draining lymph nodes via the afferent lymphatics where they consequently induced potent activation of antigenspecific IFN-γ secreting effector CD4 þ and CD8 þ T cells.
Moreover, we validated the functional importance of this new nanotherapeutic in murine models of para-influenza infection and melanoma cancer.
RESULTS AND DISCUSSION
OVA-NPs Activate BMDCs in Vitro and Consequently Stimulate Antigen-Specific T Cells. Chicken ovalbumin (OVA), used as model antigen, was encapsulated into PLGA-NPs by the water-in-oil-in-water (w/o/w) emulsion method, as previously described. 29 We characterized our PLGANPs by undertaking the analysis of NP size and zetapotential and evaluating the amount of OVA entrapped in the PLGA (Table 1) . It has been reported that PLGA-NPs are efficiently phagocytosed by DCs in culture, resulting in their intracellular localization. 30, 31 In order to confirm previous findings, we incubated bone-marrow-derived DCs (BMDCs) with fluorescent Figure 1B ). To become fully activated APCs capable of priming naïve T cells, DCs up-regulate their surface expression of MHC and co-stimulatory molecules. Since conventionally produced NPs may induce DC activation as a result of lipopolysaccharide (LPS) contamination, 32 we formulated PLGA-NPs using endotoxin-free OVA. To determine whether the uptake of NPs mediates the phenotypic maturation of DCs in vitro, BMDCs were incubated with b-NPs or OVA-NPs and the levels of surface expression of DC activation molecules (MHCII, CD40, CD80, CD86) were determined by flow cytometry ( Figure 1C ). Analysis of mean fluorescence intensity reveals significant up-regulation of MHCII, CD40, and CD86 molecules following OVA-NP incubation in comparison to untreated immature BMDCs ( Figure 1D ). Similar results were obtained by Elamanchili and coworkers, who demonstrated that, following PLGA-NP pulsing, DCs exhibited a modest increase in the expression of MHC class II and CD86 compared to untreated controls. 31 To confirm findings that antigen delivery by polymeric NPs to DCs enhanced antigen presentation in vitro, 33 unpulsed BMDCs (control) or pulsed with either b-NPs or various concentrations of OVA-NPs were cocultured with purified transgenic OVA-specific T cells. Following washing, DCs were cocultured with CFSE-labeled OVA-specific OT-I (CD8 þ ) or OT-II (CD4 þ ) cells, and after 60 h, T cells were analyzed by flow cytometry to assess their proliferation in vitro. OVA-NPs were capable of efficiently inducing antigen-specific proliferation of both CD4 þ ( Figure 1E and Supporting Information Figure 1A ) and CD8 þ ( Figure 1F and Supporting Information Figure 1B ) OVA-specific T cells. In line with previous studies, these data collectively demonstrate that our PLGA-NP-encapsulated antigen is actively taken up and processed by DCs, and that antigen-derived peptides are efficiently presented onto both MHCI and MHCII molecules to activate antigenspecific T cells in this simple in vitro model. Moreover, antigen-encapsulated NPs were capable of stimulating T cells in a dose response manner, as a significant increase in OT-II and OT-I T cell proliferation was detectable in response to increased concentration of OVA-NPs. Microneedle Arrays Specifically Target DC-Rich Layers of the Skin and Facilitate Nanoparticle Uptake by Skin DCs. MNs were fabricated and assembled into a multineedle array patch containing 19 Â 19 MNs (600 μm needle length) and were formulated to contain 10 μg of NP-encapsulated OVA. In order to confirm that our polymeric MNs could successfully be used for intradermal NP antigen delivery, we availed of optical coherence tomography (OCT) to allow noninvasive visualization of MN arrays while inserted into murine skin in vivo. 34 The images confirm that the MNs were capable of successfully traversing the SC barrier, and the needles penetrate into the epidermal and dermal skin layers. Furthermore, we evaluated in situ dissolution kinetics of our biodegradable MNs using OCT and found that the greatest rate of reduction in the height of the MNs penetrating into the skin occurred in the first 5 min, and by 15 min, MNs had both lost their needle profile and efficiently dissolved within the skin layers ( Figure 2A ). We further confirmed in situ distribution of fluorescent TRITC-encapsulated NPs, delivered in vivo following MN application. Four hours following insertion of MNs into murine skin, MN punctures of approximately 70 μm in depth and 20 μm in width remained evident. Fluorescent NPs delivered with MNs were largely deposited within the dermis at a depth between 80 and 130 μm, as punctate fluorescence was observed in close proximity of MN punctures. Importantly, MN puncture-associated fluorescence was not visible in the skin treated with MNs loaded with b-NP, suggesting that the fluorescence observed was not due to autofluorescence ( Figure 2B ). Overall, these results demonstrate that the geometry and fabrication process of our resulting MNs permitted intradermal targeting without mechanical failure, and their rapid dissolution in the skin layers resulted in the efficient release of encapsulated NPs in close proximity to DC-rich networks that reside within the different murine skin layers.
Local responses to coated metal microneedle-based influenza immunization in the skin have recently been explored, demonstrating correlation of immunization with a local increase of inflammatory cytokines important for recruitment of innate immune cells, such as neutrophils, monocytes, and dendritic cells, at the site of immunization. 35 We investigated the events that occur in the skin following polymeric MN application in order to gain insight into the early immunological cellular responses. In this study, empty MNs or MNs laden with b-NPs were applied to the mouse ears, and 24 h later, cell suspensions from ear skin were examined for infiltration of innate inflammatory immune cells by flow cytometry. We observed significant recruitment of circulating monocytes and neutrophils to the ear skin (Supporting Information Figure 2 ) in response to dissolving MNmediated immunization. Therefore, intradermal MN application with or without NPs is capable of inducing a localized inflammatory response, leading to the recruitment of innate inflammatory cells to the site of insult, which may be necessary to initiate or enhance efficient immune responses to vaccines delivered via MNs.
ARTICLE
Skin DCs play an essential role in the adaptive immune response by integrating both the information of the antigenic threat and the inflammatory state of the tissue where they originally resided and communicating this to T cells in the draining lymph node through chemotactic migration via afferent lymphatics. Therefore, it is now widely accepted that DCs are capable of tailoring the adaptive immune response to exogenous threats by acting as immune sentinels within peripheral tissues of the body. 27 To determine whether DCs were capable of uptaking TRITC-NPs following MN vaccination and delivering their cargo to skin-draining lymph nodes, we analyzed DCs from the ear proximal draining lymph nodes 72 h post-MN application. Indeed, we identified over 20% TRITC-positive cells within DC-enriched cell suspensions from auricular draining lymph nodes of mice vaccinated with TRITC-NPs compared to animals receiving MNs loaded with b-NPs ( Figure 2C ). In Figure 2D , we further characterized these TRITC þ DCs, based on the expression of CD11c and MHCII, and found that they corresponded to emigrating skin DCs, as they expressed the characteristic CD11c þ MHCII high profile. 36 We could not detect any uptake of TRITC-NPs by lymph-noderesident blood-derived DC subsets, even at 24 h post-MN delivery (Supporting Information Figure 3 ), implying very low uptake by blood-derived DCs due to systemic delivery of NPs, therefore suggesting that following MN vaccination the majority of the NP payload remains localized to the vaccination site.
Microneedle-Mediated OVA-NP Intradermal Delivery Induces Robust Antigen-Specific Immune Responses by Skin-Resident DC Subsets ex Vivo. Although dissolving polymer microneedle patches have proven successful for influenza vaccination, the contribution of skin DCs in mediating these immune responses following MN vaccination has not been examined in detail. 37 Our data suggest that skin-resident DCs, when targeted through MNs, can capture encapsulated antigen and rapidly migrate to the regional draining lymph nodes. To determine whether DCs that had taken up antigen from the MN vaccination site were able to efficiently present their ARTICLE antigenic cargo to antigen-specific T lymphocytes, we isolated total CD11c þ DCs from proximal auricular lymph nodes 72 h post-MN application. Purified ex vivo DCs were cocultured with CFSE-labeled OVA-specific OT-I CD8 þ T cells to monitor T cell activation and proliferation. Following 60 h of culture, efficient OT-I proliferation ( Figure 3A ) and T-cell-derived IFN-γ production ( Figure 3B ) were observed in response to MN-mediated NP antigen delivery, suggesting that emigrating DCs from the ear following MN application can efficiently prime CD8 þ T cells and induce IFN-γ producing effector T cells, a hallmark signature for efficient cytotoxic T cell activation.
To determine whether efficient T cell priming was indeed due to skin-derived DCs, we purified by FACS (>95% purity) skin-derived CD11c (lymph-node resident blood-derived DC subsets) from skin draining LNs of mice immunized with OVA-NPs. In addition, we purified CD11c þ DC cells from the spleen and inguinal LNs of immunized mice to serve as controls for non-skin-draining peripheral tissues or draining lymph nodes that would not drain the vaccination site, respectively, to determine the contribution of non-skin-derived DCs to T cell priming and activation. Although we could not detect fluorescent NP uptake by blood-derived DCs, antigen-encapsulated NPs could potentially enter the blood circulation and/or the lymphatics at very low levels leading to their uptake by blood-derived or lymph-noderesident DCs following NP draining to the lymphatics. Twenty four or 72 h post-MN immunization, FACSpurified DC subsets were cocultured with either OT-I CD8 þ or OT-II CD4 þ OVA-specific T cells, in the same manner as described above. We found that CD11c þ MHCII high skinderived DCs constituted the only subset capable of presenting exogenous antigen delivered by NPs, as determined by induction of OT-I cell proliferation ( Figure 3C ). Moreover, we observed that only CD8 þ T cells that were cocultured with skin-derived DCs produced elevated levels of IFN-γ ( Figure 3D ) in the culture medium. No other DC subsets (lymph-node-resident or DCs from non-skin-draining tissues) induced CD8 þ proliferation, suggesting that skin-derived DCs are The rate of proliferation corresponded to the levels of secreted IFN-γ ( Figure 3F ) detected in culture supernatants. We observed that splenic or inguinal purified DCs did not evoke antigen-specific T cell responses, confirming that spontaneous systemic draining of particulate vaccines is less likely to occur as it has been shown that only nanoparticles <100 nm can leave the interstitial matrix via the interstitial flow and be transported through the lymphatic vessels into the lymph nodes or systemic circulation.
38,39
Nanoencapsulation DCs from auricular draining lymph nodes, cocultured them with OVA-specific OT-I T cells, and monitored CD8 þ T cell proliferation, as described previously. Our findings revealed that skin DCs isolated 7 days postantigen delivery were able to evoke significantly increased proliferation of OVA-specific CD8 þ T cells following vaccination with OVA-NPs compared to soluble OVA. However, this advantage was lost by 14 days post-MN application ( Figure 4A ). This result suggests the possibility that antigen nanoencapsulation provides prolonged retention in the skin layers compared to delivery of soluble antigen, or antigen presentation by skin-derived DCs is extended when delivered via PLGA-NPs. Similarly, a ARTICLE previous study also found that presentation of PLGAencapsulated proteins by monocyte-derived human DCs was markedly prolonged and antigens were presented 50-fold more efficiently on MHC class I molecules compared to soluble proteins. 44 In order to examine antigen stability in MNs, we fabricated MNs laden with OVA-NP or soluble OVA. MNs stored at ambient conditions for 4, 6, or 10 weeks were then utilized to immunize mice. Levels of OVA-specific T cell proliferation mediated by skin DCs 3 days postvaccination, between different MN patches ( Figure 4B ), were then determined. When used soon after preparation, MNs containing soluble OVA or OVA-NPs exhibited comparable antigen-specific CD8 þ response. Thereafter, CD8 þ T cell proliferative responses declined when mice were immunized with soluble OVA that was incorporated into MNs >4 weeks prior to vaccination. In contrast, the level of OVA-specific CD8 þ T cell proliferation was maintained when nanoencapsulated antigen was formulated into MNs, even at 10 weeks prior to vaccination. This suggested that nanoencapsulation provided increased antigen stability in MNs compared to soluble antigen. Therefore, nanoencapsulated vaccines may provide a solution to the "cold chain" obstacle that many successful vaccine programs face in compliance and penetrance, especially in developing countries. Figure 5A , bottom panels) T cells in vivo were observed. Therefore, nanoencapsulated OVA delivered through MNs is readily presented on both MHC class I and II molecules and induces efficient CD4 þ and CD8 þ T cell responses in vivo. Although LPS concentrations in OVA-NPs delivered through MNs were measured to be <1 EU/mL by the LAL assay, we examined the prospect that T cell proliferation in vivo was enhanced by minor LPS contamination in OVA-NPs. Therefore, we used LPS-free OVA to formulate OVA-NPs and compared the levels of T cell expansion in vivo between groups immunized with possible LPS-contaminated OVA-NPs and LPS-free OVA-NPs (Supporting Information Figure 4) . Although slightly lower proliferation of both CD4 þ and CD8 þ antigen-specific T cells was observed in a response to LPS-free OVA-NP immunization, we excluded the possibility that antigen-specific T cell activation was largely due to low level LPS contamination during the MN-NP formulation process. MN immunization through the skin induced extensive proliferation of donor CD4 þ and CD8 þ T cells; thus, Figure 6F ), of which 10% À15% were found to be OVA-specific cytotoxic T cells ( Figure 6G ), as characterized by their ability to produce IFN-γ and/or Granzyme Figure 6H ). De Koker et al., who observed protective antitumor immunity following parenteral delivery of OVA-loaded polymeric multilayer capsules, recently reported similar results. However, a two-step immunization regime ("prime and boost") with a higher dose of antigen (50 μg) was required for effective antitumor protection. 27 In contrast, due to direct targeting of the antigen to the dense network of skin dendritic cells through the MN delivery system, our results show that only one inoculation using a significantly reduced dose of nanoencapsulated antigen induces efficient prophylactic antitumor immunity through the activation of tumorspecific killing effector CD8 þ cells.
To determine whether MN-delivered NP immunization could induce therapeutic antitumor immunity, mice were injected s.c. To confirm that enhanced viral clearance had indeed occurred in OVA-NP-immunized mice, viral titers in the lungs and nasal washes were measured on day 7 following infection. Complete viral clearance from the lungs ( Figure 7C ) as well as a significant reduction of viral replication in the upper respiratory tracts was detected in mice immunized with OVA-NPs ( Figure 7D ). Furthermore, lung histopathology at day 6 post-viral challenge demonstrated a mild lymphocytic infiltration in lungs of OVA-NPimmunized mice, while indications of interstitial pneumonia with lymphocytic infiltration in perivascular and peribronchiolar distribution was observed in b-NP-immunized mice ( Figure 7E ). To address whether these efficient antiviral immune responses were directly due to OVA-NP immunization, we examined infiltrating CD8 þ T cells in the lungs for their specificity toward OVA 6 days postinfection. Following immunization with OVA-NPs, over 10% OVA-specific CD8 þ T cells could be detected in total lung cell suspension of which a marked proportion were found to be Granzyme B and/or IFN-γ expressing effector CD8 þ T cells ( Figure 7F ) compared to b-NP-immunized animals. Therefore, these data collectively demonstrate that a single immunization with MNs laden with NPsencapsulated antigen is sufficient to induce protective immunity against respiratory virus challenge and induce effective antiviral adaptive immune responses in vivo.
CONCLUSIONS
Our findings suggest that polymer MNs dissolve in the skin within minutes and provide a simple and painless means of nanoparticle delivery to skin layers that are enriched with a contiguous network of antigen-presenting DCs. This delivery system facilitates the specific targeting of skin DCs, leading to their efficient activation. It also results in a controlled localized antigen release and distribution. This improved antigen delivery to professional APC augments antigen presentation and supports the generation of potent CD8 þ cytotoxic T cell responses and CD4 þ Th1 immune responses against an encapsulated antigen. Furthermore, prophylactic vaccination of particulate antigens through MNs protects against both tumor development and viral challenge and also demonstrated attenuated tumor growth in a therapeutic setting. Moreover, our finding that nanoencapsulation improves antigen stability in MNs for a prolonged period at ambient temperatures provides a strong rationale to study the potential of this technology to increase stability of established vaccine antigens at ambient temperatures, thereby obviating the requirement for cold storage. A strategy to circumvent the "cold chain" has enormous potential to conserve resources, improve vaccination coverage, while the self-disabling nature of the dissolving MN will prevent transmission of infection and obviate sharps disposal issues. Overall, our results demonstrate that self-disabling dissolving MN arrays laden with antigen-carrying NPs offer an attractive approach to improve efficacy of vaccine delivery through their capacity to release antigen to skin layers rich in antigen-presenting cells. The activation of DCs in this way consequently cascades an immune response that could be beneficial in the contexts of cancer therapy and infectious diseases.
MATERIALS AND METHODS
Materials. Microneedle arrays were forumulated with Gantrez AN-139, a copolymer of methylvinylether and maleic anhydride (PMVE/MA) provided by ISP Co. 120 Ltd. (Guildford, UK), PLGA (Resomer RG 502 H) with an acid value of 9 mg of KOH per g of PLGA, molecular weight 9 kDa (Boehringer Ingelheim, Germany).
Preparation of OVA-Loaded NPs (OVA-NPs) or Blank NPs (b-NPs). Ovalbumin (Sigma Aldrich, grade V purity) or LPS-free EndoGrade ovalbumin (Hyglos GmbH, Germany) was diluted to a concentration of 40 mg/mL in PBS. Ice-cold ovalbumin solution (100 μL) for OVA-NPs or the same amount of ice-cold PBS for preparation of b-NP was carefully mixed with 700 μL of ice-cold organic phase comprising 20 mg of PLGA in 700 μL of dichloromethane (Riedel de Haeen, Germany). The emulsion formed was then injected under moderate stirring into 7 mL of ice-cold solution containing 2.5% (w/v) poly(vinyl alcohol) (Sigma Aldrich). Both phases were then briefly sonicated in an ice bath at 20 mV. Samples were left stirring overnight to allow for organic solvent evaporation. NPs were centrifuged at 17 000g for 30 min at 4°C and washed three times with PBS. NPs pellets (20 mg) were resuspended in PBS to produce a NP suspension of 160 mg/mL prior to further use. Size and zeta-potential measurements after NP formulation were performed in distilled water on a Malvern Nanosizer ZS. To measure antigen encapsulation, the supernatants obtained after each centrifugation step were collected and measured for their protein content using BCA protein assay (Thermo Scientific). When subtracted from the initial amount of antigen, an encapsulation efficiency of 35.8% for OVA was calculated.
Fabrication of NP-Loaded MNs Prepared from Aqueous Blends of 20% w/w PMVE/MA. MNs prepared from aqueous blends of 20% w/w PMVE/MA were prepared using laser-engineered silicone micromold templates, as described previously. 13 Briefly, silicone elastomer was poured into a custom-made aluminum mold and cured overnight at 40°C. A laser-machine tool (BluLase Micromachining System, Blueacre Technology, Dundalk, Ireland) with a laser (Coherent Avia, Coherent Inc., Pittsburgh, PA, USA) emitting a beam having a wavelength of 355 nm and a pulse length of 30 ns (variable from 1 to 100 kHz) was then employed to produce MN molds (19 Â 19 array, 600 μm height). A 30% w/w aqueous solution of PMVE/MA was prepared by adding the required mass of PMVE/MA to ice-cold deionized water, followed by vigorous stirring and heating at 95.0°C until a clear gel was obtained, due to hydrolysis of the anhydride form of the copolymer to the corresponding acid. Upon cooling, the blend was then readjusted to the final concentration of 30% w/w by addition of an appropriate amount of deionized water. To prepare NP-loaded MNs, the stock solution was diluted with the appropriate amount of NP suspension. Then, 250 mg of this solution, containing 20 mg of b-NPs or OVA-NPs, was poured into each silicone micromold, centrifuged for 15 min at 2200g, and allowed to dry under ambient conditions for 24 h. After drying, another 250 mg of blank 20% w/w PMVE/MA was poured over the first layer to form the MN base plate.
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Bone-Marrow-Derived DCs. Bone marrow cells were isolated from femurs and tibias of 6À8 weeks old C57BL/6 mice. They were cultured in RPMI 1640 containing 10% endotoxin-free heat-inactivated FCS, 2 mM L-glutamine, 10 mM HEPES, 50 μM β-mercaptoethanol, 100 U/mL penicillin, and 100 U/mL streptomycin, supplemented supernatant from Flt3 ligand-producing COS cells (kindly provided by N. Nicola, WEHI, Australia). On the 10th day, cells were left unstimulated or stimulated for 12 h with 100 μg/mL of b-NPs, OVA-NPs, or 100 ng/mL LPS, washed, and stained with maturation marker-specific antibodies and subsequently analyzed by the flow cytometer.
For in vitro T cell proliferation assays, BMDCs were left either unstimulated or stimulated with various concentrations (μg/ mL) of OVA-NPs or OVA peptides (LSQAVHAA-HAEINEAGR or SIINFEKL, 10 μg/mL) for 3 h. Following stimulation, BMDCs were plated (1:2 dilution) with purified CFSE-labeled CD8 þ or CD4 þ T cells isolated from spleens of OT-I or OT-II mice, respectively, using magnetic beads (STEMCELL Technologies), according to manufacturer's instructions. Sixty hours later, T cell proliferation, assayed by CFSE dilutions, was assessed by flow cytometry. As a positive control for T cell proliferation, T cells were stimulated with anti-CD3 (5 μg/mL) and anti-CD28 (2 μg/mL) antibodies (eBioscience).
Mice. Langerin-eGFP (Lang GFP ) reporter mice (provided by Dr. Bernard Malissen, CIML, France), 48 OT-I, and OT-II mice (The Jackson Lab, USA) that express transgenic VR2 Vβ5.1/5.2 TCR specific for K b þ OVA 257À264 and I-A b þ OVA 323À339 , respectively, 49, 50 and congenic CD45.1 þ (Harlan, UK) mice were housed under pathogen-free conditions. All mice employed for experiments were between 6 and 9 weeks old, aged and sex matched, and were sanctioned in accordance with the UK home office and approved by Queen's University Belfast Ethical Review Committee.
MN Immunization. Lang GFP reporter or congenic CD45.1 þ was first anesthetized, and MN arrays laden with bNPs or OVA-NPs were manually inserted onto the untreated dorsal side of both ears. The MNs were held in place for at least 5 min and then removed.
Flow Cytometry. Surface marker expression was assessed by flow cytometry using fluorochrome-conjugated antibodies to CD4, CD8, CD11b, CD11c, CD45.1, CD45.2, MHC class II, Ly6G, Ly6C, and CD207 (BD Biosciences and eBioscience). SIINFEKL/ H-2K b pentamers conjugated to PE staining were used in accordance with manufacturer's instructions (Pro-Immune). For cytokine staining, cells were restimulated in complete medium at 37°C for 5 h with 50 ng/mL PMA (Sigma-Aldrich), 500 ng/mL ionomycin (Sigma-Aldrich), with GolgiStop (BD Biosciences) added for the final 4 h. Cells were fixed and permeabilized using the Cytofix/ Cytoperm kit (BD Biosciences), in accordance with manufacturer's instructions, followed by intracellular anti-IL-4, anti-IFN-γ, or antiGranzyme B (BD Biosciences or eBioscience) staining. Data were collected on FACS Canto II (BD Biosciences) and analyzed using FlowJo software (Tree Star). Identification of different cell subsets isolated from the ear skin was performed on dermal cell suspension, as previously described. 36, 51 In Vivo Proliferation Assays. Spleens were harvested from OT-I or OT-II mice. CD8 þ and CD4 þ T cells were enriched from single cell suspension by negative selection using the EasySep mouse CD8 þ or CD4 þ T cell enrichment kits, respectively (STEMCELL Technologies), and isolated T cells were labeled with 0.2 μM CFSE (Molecular Probes). Groups of CD45.1 þ congenic mice were injected intravenously with 10 6 CFSE-labeled OT-I or OT-II T cells, 24 h prior to MN immunization. Mice were sacrificed 72 h following MN application, and auricular lymph nodes were harvested for FACS analysis. The proliferation of antigen-specific CFSE þ T cells was detected by the decrease of CFSE fluorescence intensity.
Ex Vivo Proliferation Assay. Lang GFP reporter mice were immunized as described above. Three days later, auricular lymph nodes were digested with 0.5 mg/mL collagenase D (Sigma Aldrich) for 30 min at 37°C, pressed through cell strainers, and enriched by positive selection using EasySep mouse CD11c-positive selection kit (STEMCELL Technologies), according to manufacturer's instructions. For DC subset experiments, cells were first enriched using a Nycodenz gradient, as previously described. 52 The cells at the interface were then stained with anti-CD8-PerCP-Cy5.5, anti-MHCII-PE, and anti-CD11c-APC (BD) and sorted on a FACS Aria II instrument (BD Biosciences) for skinderived CD11c þ MHCII high CD8 À DCs, blood-derived CD8 þ DC, and remaining blood-derived CD8 À DCs (purity >95%). Then, 10 5 DCs were cocultured in triplicate with 2 Â 10 5 CFSE-labeled OVA-specific OT-I or OT-II T cells (isolated as described above) for 60 h, and proliferation of T cells was measured by the decrease of CFSE fluorescence intensity.
Tumor Challenge. Three weeks following MN immunization, mice were injected s.c. into the flank with 10 5 B16.OVA tumor cells 53 (kindly provided by Dr. P. Stoitzner, Innsbruck, Austria), mixed with reduced growth factor matrigel (4 mg/mL) (BD Biosciences). Tumor size was assessed every day by measuring the short and long tumor diameters using digital callipers and is expressed by tumor volume (length Â width Â height/2 Â π/6). Animals were euthanized when any tumor diameter reached the maximum allowed dimension of 20 mm according to UK Home Office guidelines.
Challenge of Mice with Recombinant Sendai Virus OVA-TdT (rSeV/OVATdT). To determine virus-specific immune responses, mice were challenged with a recombinant Sendai virus which expressed a fusion protein of full-length ovalbumin (kindly provided by M. Kursar, MPIIB, Germany) and the tandem dimer tomato fluorescent reporter gene (kindly provided by R. Tsien, UCSD, USA). The virus was rescued as previously described. 54 Groups of 4À5 mice were challenged 3 weeks after MN immunization by intranasal instillation of 2 Â 10 6 pfu rSeV/OVA-TdT in 30 μL of PBS and monitored for up to 9 days. A weight loss exceeding 20% was used as the experimental end point, at which point mice were humanely euthanized.
Preparation of Lung Homogenates. Mice were sacrificed by cervical dislocation. Lungs were remove and place in 1 mL virus transport medium (Hanks 199 (1Â), 25 mM HEPES, 0.05 mg/mL gentamicin, 0.22 M sucrose, 30 mM MgCl 2 , 0.5 mg/mL amphotericin B), weighed, and 10% (w/v) homogenates prepared using FastPrep tubes containing 250 μL of 1 mm glass beads. Tissues were homogenized in the FastPrep 120 Instrument (Qbiogen, Inc.) with three cycles of 20 s at 4 m/s interspersed with short incubations on ice to avoid overheating. FastPrep tubes were then centrifuged for 1 min at 200g at 4°C, and supernatants were aliquoted into cryovials, snap frozen, and stored at À80°C until virus titrations were performed.
Lung single cell suspensions for flow cytometry analyses were performed by enzymatic digestion for 30 min at 37°C using 1 mg/mL collagenase type 2 (Sigma Aldrich) and 0.02 mg/ mL DNase I from bovine pancreas (Sigma Aldrich). After digestion, contaminating erythrocytes present in lung cell suspension were lysed by incubation at 37°C for 3 min with red cell lysing buffer.
Virus Titer Determination. The rSeV-OVA-TdT titration in experimental samples was performed in LLC-MK2 cells (ECACC 85062804) as previously described, 54 except that maintenance medium containing 1% FCS and without acetylated trypsin or methyl cellulose was used to prevent repeated cycles of virus infection. After 48 h incubation at 37°C in 5% CO 2 , the numbers of fluorescent cells were counted in appropriate dilutions under a fluorescent microscope (Nikon TE2000-U), and titers were calculated as numbers of fluorescent forming units (ffu)/g of tissue, where a single fluorescent cell constituted a fluorescent forming unit.
Lung Histology. Lobes of lungs were fixed in 10% formalin, embedded in paraffin, and sections of 5 μm were stained with HematoxilinÀEosin. Images were captured with a microscope (DM5500; Leica) with digital system and LAS AF software (version 1.5.1).
Statistical Analysis. Where appropriate, data were analyzed using a one-way analysis of variance (ANOVA), with post-hoc comparison performed using Tukey's HSD test. MannÀWhitney test was used to compare percentages of T cell proliferation in response to b-NP and OVA-NP immunization. Unpaired Student's t test was used to determine the statistical significance of differences in SeV titers in lung homogenates and nasal washes, as well as tumor volumes post-MN treatments between two immunization groups. Probability values are expressed as the following: ***, p < 0.001; **, p < 0.01; and *, p < 0.05.

